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Experimental Progress
A. Lithium Drifted Silicon Semiconductor Detectors:

1. TFifty. different detectors have been incorporated into this
study. They represent a family of various sized devices
ranging in size from 1 x 1 x 1 mm to 5 x 5 x 130 mm. Long
detectors, i.e., having proton path lengths in silicon of
10, 20, 30, 50, 70, 100, 130 and 150 mm are being used to
totally absorb high energy protons. Shorter path lengths
are used to measure stopping power (dEﬁDdx) in silicon.

2. Southern Methodist University now has the capability of
fabricating Lithium-drifted detectors of any desired
shape. New techniques of fabrication, mounting and encap-
sulation are being developed.

3. A paper entitled, "Preparation of Lithium Drifted Solid
State Detectors" by Bobby D. Snow was presented at the
Sixty-eighth annual meeting of the Texas Academy of
Science, December, 1964. Apstract in Appendix C.

B. Stopping Power Measurements

1. Data has been taken using protons having energies of 5, 6,
8, 10, 11, 12, 13, 14, 15, 16, 36, 37, 40, and 187 Mev.
Absorbers were used in duplicate sets of three different
thicknesses permitting measurements on six different ab-
sorbers with each of two or more detectors.

a. Metals: A2, Cu, Si, C.
b. Plastiecs: Nylon, plexiglass, polyethylene.
¢. Tissue: Bone, muscle, fat.

2. A paper entitled, "Stopping Power Measurements of AZ., Cu.,
and 8i. Using 36.1 Mev Protons™ by Daniel C. Nipper was
presenied at the 3ixty-eighth annual meeting of the Texas

Academy of Science, December, 1964. Abstract in Appendix C.
3. Appendix B is a description of the data analysis procedure.
C. Charge-pulse response of silicon detectors

1. The charge-pulse response of many of the detectors have
been measured for the proton energies listed in B as a
function of proton energy, proton path length in silicon
and operating conditions of the detector. The average
energy required to produce an ion-electron pair has been

-obtained from both the stopping power measurements in
silicon and from the protons totally absorbed in silicon.
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These data are required to translate the current from each
detector produced by a known radiation flux density and
stored in a calibrated condenser into doses, i.e., the
total energy absorbed per unit mass of silicon..

2. A paper entitled, "Experimental Calibratiova of Lithium
Drifted Silicon Detectors as a Function of Proton Energy
and Proton Path Length in the Detector,™ by George W.
Crawford has been accepted for presentation at the September
1965 meeting of the American Physical Society. Abstract
in Appendix C. ‘

Detector Life-time Behavior Studies:

The depletion depth, volume, noise level, charge pulse per
Mev, dark current and capacitance are being measured for each
detector used in the study. The complete age-usage history
thus obtained over the two-year period will be used to (a)
predict the usable life of a detector and (b) to pin-point and
predict loss of reliability of data produced by the detector.

Fleld Trips:
l. To the University of Texas, Austin, Texas:

Dates: October 10-11, 1964. Accelerator time: 36 hours.
Proton Energies 5-14 Mev.

Dates: December 28-29, 1964. Accelerator time: 36 hours.
Proton Energies 8-16 Mev.

2. 0Oak Ridge National Laboratorics, Oak Ridge, Tennessee
Dates: November 21-29, 1964, Accelerator time: 80 hours.
Proton Energies: 36-40 Mev.

3. University of Uppsala, Uppsala, Sweden
Dates: October 23-November 8, 1964, Accelerator time:
100 hours, Proton Energy: 187 Mev.

4. University of Southern California, Los Angeles, California
Dates: May 18-22, 1965, Accelerator time: 18 hours.
Proton Energies 18-27 Mev.

NASA Participation:

Members of the NASA, Manned Space Center, Space Radiation and
Fields Branch participated in the research effort at both the

University of Uppsala and at Oak Ridge National Laboratory.

At each facility additional research of special interest to
this Branch were accomplished. These :iacluded exposure of
nuclear track plate emulsions and calibration of various dosi-
meters. The accelerator time made available to NASA at no
charge ranged from 16 to 24 hours at each facility.
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Theoretical Progress

A.

Linear Stopping Power Calculations:

A program for calculating linear stopping power, dE49dx;
basef ??.theE?ethe-BgockK?g%§t1?n , E; ,7(1(P37

LIz o v e — -_—
—'?5-%§; = ?;ﬁﬂ(P}iQ#L~fj:'—u£ﬁ |72 j
including shell corrections has been completed, tested
and used on the SMU, CDC 3400 computer to calculate the
correct thicknesses for the pure absorbers, A2, Cu, Si,
and C. The mean ionization potential, I, has been evalu-
ated experimentally for each element.

3

Monte Carlo Stopping Power Calculations:

1. The linear stopping power program has been incorporated
into a Monte Carlo transport program which permits
Coulomb interaction with both the orbital electrons and
the nuclei. This program has been used to verify the
stopping power measurement and the energy straggle
measured experimentally. A description of the program
is given in Appendix A.

2. A paper entitled, "Linear and Monte Carloc Calculations
of Stopping Power and Encogy Straggle'™ by George W.
Crawford was presented at the Sixty-eighth annual
meeting of the Texas Academy of Science. December,
1964. Abstract in Appendix C.

Determination of Z, A and I for complex absorbers.

The above programs are being used to determine effective
Z, A, and I values for water, bone, meat and fat based on
the experimental stopping power measurements. The end
result will be a program by which dose, i.e., the total
energy absorbed per unit mass of the absorbing material,
can be calculated as a function of flux density, type and
energy of the ionizing radiation.

Calculation of Effective Z, A, and I.

L3
1. The effective values of Z, A, and I for each of four
plastics studied are being used to obtain a mathematical
model for calculating these quantities where the chemi-
cal composition and relative abundance of a hetero-
geneous material is known.

2. A paper entitled, "Preliminary Report of the Experi-
mental Determination of Ief .5 2 ., and A FEr in the
Bethe-Block Stopping Power Equat%on'for Fout Elastics,"
by James R. Cummins, Jr. was presented at the Sixty-
eighth annual meeting of the Texas Academy of Science.

December 1964. Abstract in Appendix C.
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Appendix B

The extraction of information from proton stopping experiments.

I. Introduction

The object of the experimencil study is to assess values
of parameters in the Bethe-Block formula that describes the average
rate of energy loss suffered by a charged particle along the path

of migration in matter in interactions with atomic electrons.

\
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where ? is the density of the medium (in g/cm3), A is the atomic
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weight, Z the atomic number, M (£) and N (3) are functions of
th'e'velocity ’U’=g5c , I is the mean ionization potential, C (B8)
is the "shell correction™, and S is the density correction (which

is negligible at energies considered here).

The philosophy of the method that is developed for the
extraction of information from the experiments is the following:
Weé use the Bethe-Block formula and "reproduce”™ theoretically the
experimental conditions as accurately as possible. We then‘apply
criteria, based on a éomparison between experimental and theoreti-
cal results to determine the optimum values of the fitting para-
meters (I and C (B)) and their accuracy, depending on the experi-

mental uncertainties.

-
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The experimental situation is outlined in fig. l.
gTSNqﬁe

orven . i l

ot

A thin and well collimated proton beam is incident on a

sample of the material under investigation. The lateral extension
of the sample is large as compared to the width of the proton beam
at every point in the sample. The sample thickness, x, is known

to within an accuracy AX.

The energy spread of the incident proton beam will, at
present, be considered small enough for the outcome of the experi-
ment to be unaffected by it. The uncertainty,lSEo., in the assess-

ment of the beam energy will, however, be taken into account.

' The ideal method for extracting the measured information
should include the detector in the "theoretical reproduction’ and
actually predict the output of the detector. At the present stage
of development, our method stops one step short of such an ideal
treatment. We make the assumption that the detector is an instru-
ment that measures the energy distribution of the proton number

(current) density averaged over the exit surface of the sample.

.~
Liic

act that the detector-sample distance is large is believed

N

to justify this assumption.

The theoretical treatment of the proton transport process
is based on a Monte Carlo method described in refs. (1) and t2)

but for some minor improvements that will be reported separately.
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arametrization of the experimental results.

=
=

The measurements result in pulseﬁeight distributions
recorded by a multichannel analyzer, i.e. the energy distributions
are obtained in a histogram form. It is essential for the following
mathematical development that the experimental results be con-

verted into a more suitable, analytical form.

The following ansatz is consistent with the physics of

the problem
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in that it represents the measured spectrum to a first-order,
géuésian approximation, multiplied by a perturbation function in
the form of a polynomial, the parameters of which may be deter-
mined from the experimental results. Ea is the average energy in

the gaussian approximation and is solved from the equation
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where the expression ior-:igr is taken from iLlie Bethe-Block formula

with best known values of the parameters. The standard deviation

& is obtained from the approximation formula (ref. 3)

7
G = Zlfzx' Ld= Glem® &
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An analytical form which is preferable to that of eqg. (2)
with regard to mathematical convenience and required numerical

labor is the following
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the Hermute orthogonal polynomial of order V with normalization
<O
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will always be fulfilled for such a choice of function.

\

L : We intend to fit an expression of the form of eg.(5) to

‘ the éxperimental histogram by way of applying a minimum-X2 criterion
to the parameter space G;;} . To illustrate our notation we

present fig. 2 showing a typical experimental output
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s, T Zu = constant = AE. (this linearity condition should

be scrutinized in the future for possible sources of uncertainty) .

=, = (integral) number of pulses in channel no. i (ELLE LE"U-‘_?)

s
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We apply the "modified" minimum-X¢ formalism (ref. W)

according to which the following expression is minimized to produce

the optimum values of the .,
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using the properties of the Hermite polynomials as given in ref. 5

where the erf functions are also defined.
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which is a system of N linear equations in ajs a2, . . R
n

We must pay attention to the case where Fi assumes the
value 0. If this should happen we simply broaden channel i to
include also the nearest non-zero channel on the low-Fi side of

the empty channel (as well as all the empty channels in between).

The solution of the system (10) is straightforward and

-
results in the assessment of QCL {
e 2y

We now wish to compute the maximum of the function f(t).

Differentiation of eg.(5) gives

V0N
Qe = : oA U
o = w 62 {: f’ CLV'%{rv.( > .5 < '>

using again the properties of the Hermite polynomials (refs. 5,6).

If the gaussian approximation were correct, the maximum of f(t)

would lie ai =0 (E=L ). We may cxploit that fact when seolving
L]
the equation
X
? A\ =
c+ 2 O He() = <h1>
Ve

for that one of its roots, t= Lﬁ»whicb is nearest to t=0.

We have now obtained a value of the most probable energy

EW’ as determined by the detector.




-8~

e o Tey =\
\ - (1‘.‘./,._

from insertion in eg. (2a).
It is essential that we determine the variance in Ep wirich

results from the stochastic nature of the method employed to measure

it. Using statistical theory (ref. 4) we obtain
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Equation (15) may be elaborated on to give
t
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In this context it is justified to set ..._2_..:\27( ev as a
2R

good approximation, giving 0

obtain .
o T N C
O — (D .
=2 = 22 (17).
<Oy B&r ,
kc) may be solved by differentiation of eq. (12) at t= s
Sl
- )
P ZAR NN onﬁ"-“(o) =0 /;‘,"\
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bearing in mind that ® is a function of all G-
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Hermite polynomials have the property (ref. 6)
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We have now built up a framework of expressions that permit explicit

solution of D (Ep), the standard deviation of the probability

distribution‘of Ep.

At present, we shall let Ep alone symbolize the outcome

of a spectrum measurement at one absorber thickness.

The complete spectrum may be written in a more convenient
form by shifting the maximum of f(t) to t=0. This is accomplished
by setting E "’E in equation (2a) and solving for a new set of
‘ Cvlz As seen from equation (11) the new &, will have the

property that

. %
< X — ' Yo
Z &t ()= 0 | Le., <°~O°~j
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IiI. The detector response function.

As we discussed in the introduction, we consider at
present, the origin proton beam to have negligible energy spread
with regard to energy variations of the material properties that
determine the transport of protons in the medium under consideration.
This assumption is not likely to be subject to much dispute. We
must, however, also assume that the response characteristics of
the detector are such that the maximum of the pulse-height dis-
tribution, measured by the detector, coincides with the maximum
of the energy distribution of protons transmitted through the
sample. As mentioned in the introductioﬁ, the later assumption
will be removed when the detector will be operationally'included
in the Monte Carlo transport calculation, used for the "theoreti-
cal reproduction” of the experiment. We have provided arguments
that point toward the justification of this assumption on a quali-
tative basis. It is possible, however, to make an a posteriori test
of both assumptions, mentioned, in a case where the Bethe-Block

parameters are already well established.

Suppose that we have access to a measurement, such as

the one shown in fig. 1, but with the absorber removed. We may

procee

L LT A A ovea
inn ¢ € manncex

(45

in Section TT to parametrize
L)

the detector output setting Ea equal to the nominal source energy
EO and =G equal to some reasonable value, which may be theratec

-~
on to produce the most concentrated set of {C"r&r .

Setting j(' = == Ee
GO

) . . ..0 ,D f: - =
we obtain a source response funetion LOL§ =.Lb/ el
A
v
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For & reasonably thin sample it may be assumed that the detector
response function does not vary its form for energies varying from
the source energy to the lowest energy represented by the protons

transmitted through the attenuating sample.

Suppose now, that we have obtained a closed expression
for the theoretical spectrum of protons escaping through the sam-
ple, assuming a discrete source energy‘EO. Let us call this dis-

tribution function g (E). We perform the folding integral
n/.__ -
1 @- ( §=) %y (E-£) a’ G

to obtain the predicted distribution as measured by the detector
with the attenuator thickness at which the theoretical spectrum

(E) was calculated.

A comparison of the position of the maximum of the

function -g'"\: with that of the function ’L@l\} = -fi), /\E\) s
B

determined in Section II, will provide a test of our assumptions.

It is essential that the statistical accuracies be considered in

- . )
this comparison ( Q/% ﬂo(.“'z‘)) C';)" mZJ)

We shall look in more detail at the solution procedures

[ - “ r N
Lor ey. ' (21)

The function g (El) may be written

e tue]] @
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=0 is the maximum of the Monte Carlo calculated spectrum as
obtained from an analysis such as that described in Section II (cf.
Secrion IV). < is the same dispersion as that obtained from

eq. (4). We assume that the maximum of (z<£'>has been made to

coincide with that of the limiting gaussian.

The function '%0(5"5'> may be written
. L Al -
.{-;0 -:-"E 3—\’9(:*2_) "-’2——:_— Q k i’."z Cr.-r(au2_> \"‘5/
v v LY o
k [ad r‘i
—— — $
‘_‘_% —d‘- = i:' pet?]
FUCL VvV O T (23 C~>
So

. A . . . -
The function 1106;2) and its derivation irom the
v
source energy response of the detector has been discussed pre-

viously in the present section.

Insertion of (22), (22a), (23), (23a) into (21) leads,

after some rearrangemenpz to the expression

T D N9 — N\
_...c“)',:‘ix;)_, '_/i_.::’g_ L Hv'\"¢2>
- o NG = ,~
)Hi= P & e \\(\-r‘\’z;_' o - "
[ K.: ':-_——(_:__— e
{ T \ —~2 ‘e
0 NANG 4 Gz No
T p Ny = 0, D r—-—;\
Wl 0 e AN R aiac = g R S
Y e M L b G T TR
Lo i SN -
L V=i .
, L . <)
where -JQ‘:; 9:;__ﬁ:£2£_ {1ngy Ly o -
[ G‘-, °

This integral can be performed exactly after another

rearrangement and substitution of tl and t_ to the expression in

the differential. This is straightforward as tl, t2,

latter expression are all linearly dependent (this is seen by

and the

elimination of El between equations (22a) and (23a).
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he mathematical labour of treating equation (24) in the way jus:

o
0
w
0
K
H

ibed has, at the present stage, prevented us from performing
this rigorous test analytically. A practical way of doing the

same thing in a possibly more illustrative but not so stringent
manner is the following: Perform the integration of eg. (21)
numerically on a computer and check that the functions {T*(E) and
f (E) have coinciding maxima. An automatic curve-plotter is very
useful for this. This procedure also provides a means for com-
paring the overall agreement of the experimental and theoretical
curves in the case where the parameters of the Bethe-Block equation

are known.

IV. Parametrization of Monte Carlo results.

As discussed in the previous section, we assume that the
thepretical calculation (using the Monte Carlo procedure of refs.
1 and 2) of the transmitted proton spectrum is available in a
closed analytical form. It remains now to determine such an
expression from the histogram output of the Monte Carlo calcula-

. . . . &
tion. We proceed exactly as in section II. The relation S

Il

constant is not generally valid in thils case, however, but this does
not affect the exact applicability of the derivation, as that

relation has not been utilized. *

We obtain the expression

. E-Euc) — X S A
0@ =g () = e [+ b () ()



14—

We also compute the standard deviation D(BWC) exactly
\

as we obtained D(Ep) in section II.

V. Determination of parameters in the Bethe-Block equation.
The principle that we want to apply when deriving the
resulting optimum values of the mean ionization potential I and
the shell correction function C is the follqwing: Compare the
measured and calculated values of the most probable energy of

transmitted protons (Bp and EM , respectively) and form the

C
deviation

B, =E,~E,. (25)

We then want to use this quantity to determine what values of our

I

"unknown" parameters would have made AT _=0 . assuming O

e >
e ;o
. .- . . =
to be small we would then use the best available values of ——=2
and -EEET‘ to obtain the necessary adjustments in the known

parameters. I is a constant but C is a function of energy, and
therefore, we need measurements at many energies to determine

C(E). An iterative procedure, in which the new values of I and

Lo =
o Gz L 5,
C were used to recalculate the derivatiives ??§r'and *E:Ef— y 88

well as the theoretical maxinum EMC will lead to a final deter-
mination of optimum parameter values. We shall, however, as
already once before, stop at a lower degree of sophistication

at the present stage of development.



v - g M e ot - nhtiiais Lk e + ot Ol Ml i Bl oo

-15-

We may use the calculations of Sternbeimer (ref. 7) of
the quantity

%—CE)= é x &R (z6)

al

which is the fractional change of R for a given small fractional
change of I. R is the proton range from the source energy to
2 MeV. in Sternbeimer's approximation the shell (and density)

corrections are considered to be functions of I only.

We shall assume in this approximation, that the protons
suffer no angular deviations and that the simple continuous slowing
down approximation is valid. We may then use Sternbeimer's tables
of g vs. E for various materials. We shall discuss the details
of this procedure.
ﬁwﬁt Q% %-(E:) = dpR (ﬁ?f}

Rod.l'.

where Rois the range from the source e¢nergy to 2 MeV. Analogously,

%(“—)————xd‘ﬁ | (28)

for the most probable exit energy Ep. We form

&(\Ro—ﬁg = —4‘%-)( (Ro%, - RP%f} (Zﬁ} s

noting that R, —Rp is equal to the sample thickness x to the
assumed degree of approximation. R0 and R.p are obtained by nu-

merical integration

&fl | -' (39

2 Mev

b |
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FTode
Re = j B (31)
ZMev ds

with the "besté' values of I and C in the expression for 'a"'g"
Re=R, = .f ) (32)
and hence

(,\,LK Q?> .é'.E.. (33)

s [ 4

AE
P Ep

Thus, .
gl:—; dEp Y, ! (34-)
1 R"q@—g?c}{’ "!%kep

and
1 - — (34a),

& ,Q/\’\/I _— — X =
- — - e &.
‘Q”EP Q"%" Q?QDY _\ETE— Ep

The right-hand membrane of eq (34a) is composed only of known

functions, and therefore, we may solve a value of AQm..[. by

inserting AE? from &&25 for d.E?

Our adjusted value of QM,I is obtained by adding

algebraically AQM-T- to the value of MI used in the

Monte Carlo calculation.
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VI. Resulting accuracies.

The standard deviations in the experimental and theore-
tical determinations of Ep (and EMC) have been derived in sections
II and IV. The Monte Carlo calculations should be carried to an

accuracy such that D2 (EMC) << D2 (Ep) . The total uncertainty in

the determination of the peak energy will be

Dy =\ DEITDE) (59)

Insertion of :D_‘_a\_ as dEp in e% (34a) gives the resulting uncer-

tainty in our determination of 2T,

—

| !
D (0 I) =Dy % &%:-R?%: BYECH

S ]E‘i’

(3¢)

We pointed out in the introduction that the source
energy is known only to within a certain accuracy AEO . The
pér;ameters under investigation are slowly varying functions of
energy (I is constant!) so that this uncertainty should not be
important. If we assume, however, that the experiment was, indeed,
performed at the exact source energy E, we should extract a cor-
responding deviation JAN L»I by inserting "AE, ":“oa AEP in

€4 (3ta).

The effect of the uncertainty & X in the assesshent

of the sample thickness - x on ln I may be solved from eg. (29) by

inserting AX for &(RJ'RQ and solving for an



Appendix C

The following four abstracts are of papers presented at the Sixty-
eighth annual meeting of the Texas Academy of Science, December 1964.

Linear and Monte Carlo Calculations of Stopplng
Power and Energy Straggle

George W. Crawford
Southern Methodist University

Theoretical and Experimental Studies of energy absorp-
tion from protons in metals, plastics and biological tissues are
being carried out over a range of proton energies of interest to
space exploration. The theoretical study is being accomplished
in three distinct steps and is based on the realization that when
a charged particle traverses matter it encounters a multitude of
elastic and inelastic collision processes both with orbital elec-
trons and nuclei.

The linear transport calculations are based on the famil-
iar Bethe-Block stopping power equation and include shell correc-
tions. The Monte Carlo program considers the particles as moving
about in non-linear paths and loosing energy continuously. A
Monte Carlo nuclear interaction program is being written.

Results of the calculations are presented.

Preliminary Report.of the Experinental Determination
of I eff> Zogy> and App in the Bethe-Bloch
Stopplng Power Equation for Four Plastics

James R. Cummins, Jr.
Southern Methodist University

Data is reported from which the stopping power of plas-
tics at 36 MeV has been measured. The purpuse of this study has
been to help establish a proper method of applying the stopping
power equation to plastics. In particular, to find a method of
determining an effective mean ionization potential, an effective
atomic weight and an effective charge number for each plastic.

The plastics used in this study were Nylon (01, Plexiglas, and high-
and low-density polyethylene.)
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Stopping Power Measurements of Af, Cu, and Si
Using 36.1 MeV Protons

Daniel C. Nipper
Southern Methodist University

The experimental procedure for measuring linear trans-
port stopping power is described. Data obtained using A}, Cu,
Si and C foils inserted in a beam of 36.1 MeV protons are presented.
The AY and Cu data are used as part of the calibration procedure
in order to measure the mean ionization potential of metals, plas-
tics and biological tissues.

The Preparation of Lithium-Drifted Solid
State Radiation Detectors

Bobby Snow
Southern Methodist University

The theory and fabrication techniques for building lithium
drifted solid state radiation detectors are discussed. Variations
from existing techniques and their. significance on the detection
characteristics and device noise are listed and explained. Lastly,

the proposed method of preparing a 1 ecm x 1 om sensitive device
is outlined.

Experimental Calibration of Lithium Drifted Silicon Detectors as
a Function of Proton Energy and Proton Path Length in the Detector

George W. Crawford
Southern Methodist University

The charge pulse created in Lithium drifted Silicon detectors has
been measured as a function of incident energy of the proton and
its path length in the sensitive volume of the detector. The
nearly monoenergetic protons used were provided by the radiation
facilities available at the University of Texas (8-14 Mev), the
University of Southern California (18-30 Mev), Oak Ridge National
Laboratories (36 Mev), and the University of Minnesota (40 Mev).
The family of detectors used in the study provided path lengths in
the sensitive volume as short as 100 microns and as long as 15
centimeters. Measurements were made to an accuracy of 1%. Over
the energy range studied, the charge pulse created is directly pro-
portional to the energy lost by the proton. Silicon stopping power
measurements were made using both detectors and silicon absorbers.
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Range-Energy and stopping power tables for Silicon have been pre-
pared based on the experimental data. A Monte Carlo proton
program has been used to calculate theoretical values for compari-
son with the experimental values. A mean ionization potential, I,
for silicon has been obtained which permits matching of the cal-
culated mean energy loss, peak full width half maximum, and shape
of the peak with the measured value.

The above abstract is accepted for preséntation at the American
Physical Society meeting, 2-4 September, 1965, at Honolulu, Hawaii.
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L. Introduction

The physical background of the program has been given in ref. 1,
and the symbols of that reference will be retained here. The
present report describes the computer program which is written in
_ CcDC 3400 A
FORTRAN II language for the FXFRIQ computer. Information will

be given on input data preparation and on the interpretation of

the output. A sample problem will be provided.

II. Composition of the program (see flow charts in figs. 1 and 2)
II. a. Main_program
Thie main program is labelled PROTOS. Its purpose is to call the

various subroutines.

II. b. Subroutines

PDATA. This subroutine reads the physical data, i.e. source energy
(Eo), cuteoff energy (En)’ atomic number of the slowing-down medium
(7Z) etec. The tables of (g%;)i and straggling variance (Asz)i are
also read. Also the tables of data needed for computing angular
deviations are read by this subroutine. A table of energy poinfs
equi-distributed in the logarithm of the energy between source and
cut-off energies is prepared. For each energy step three integrsls
ere evaluated by Gaussian integration, giving values of (s)i, xi
and log (xi}i which are used to produce the three tables of (si),
Xg, i and Bi. A fourth table, of (Asz)i - (sz)i - (s)i, is also
prepared.

GDATA. This subroutine reads data specifying the geome%ry of the

;>cbl em under consideration and parameters governing the output.

“he value of the maximum number of protons to be followed is also

.
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direction, receiving information from subroutines.ANGLE and STATI.
AﬁQLE. Selects the polar deviation angles and computes the quantity
(u?) (mean square polar deviation angle).

STATI. In this subroutine it is checked whether the proton has just
passed a geometrical boundary; If so, the appropriate statistical
scoring is performed.

OUT. Prepares the output when the calculation is completed.

RANDOM. Gives uniformly distributed numbers.

RNORM. Gives normally distributed numbers.

III. Description of input data

PROTOS
4 time 1imit’TMAX in minutes is read in format (F10.0).
TMAX compares with the internal clock of the computer. An integral
indicator I, format (I5), controls the reading of data. It is ?ead
between the actual data sets. |
I=1 calls PDLTA and returﬂs to PROTOS for a new I
I=2 " GDATA "~ !
1=3 “. GEO '- TNMAY and I
I#1,2,3 prints out "WRONG INDICATOR" and stops the computation.
To demonstrate the use of the indicator we show the composition of
the data deck for a run of three problems with two sets of phygiéal
data and three sets of geometrical data

Read by
TMAX PROTOS

(I=)1 PROTOS
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data GDATA

(1=)3 | : PROTOS (GEO) (first calculation)
TMAX ~ PROTOS

(1=)1 PROTOS

data PDATA .
(1=)2 PROTOS

data GDATA

(I=)3 PROTOS (GBO) (second calculation)
THAX PROTOS

(1=)2  PROTOS

data GDATA

(I=)3 PROTOS (GEO) (third calculation)
(I=)4 PROTOS (termination)

(The third problem uses the same set of PDATA as the second one).

PDATA

On the first card, a set of six data, format (2F5.0, 3I5, FS.O), is

punched, viz.

EO: Source energy in MeV.

RO: Density in grams per cc.

N: Number of arguments in the table of stopping power (N<100j. .

M: Number of energy points in logarithmic slowing;down scale (MSSOO).
The number of energy steps is M-1.

NI

Number of arguments for table of range variance (NI<100).
ES: Cut-off energy in MeV.
The second card contains three data, format (2F5.0, E10.3), viz.

Z: Atomic number of scattering atoms (or charge number of molecules).

/'~ . a4 i 1)



% the atomic (or molecular) weight.

The next cards contain a series of vectors, each vector beginning

on a new card. The format is (7F10.0) throughout.

EN: N arguments (in MeV) for stopping power table (ENi < ENi+1)'

DES: N values of the stopping power (in grams per cc) given at the
arguments EN and in the same order as EN, ”

EE: NI arguments (in MeV) for the range variance (EE < EE,

)e

EPS: NI values of the variance in sqecm. EPS can be obtained by using

i+1

the quantities ep in ref. 2, table I, applying the relation

(zps), =[ s . R ]

100
| (E[:E)i
where Ri = | 'dEl
2 MeV ids

which can be obtained for example from ref. 3, table II.

GDATA
The first card contains seven data, format (4I5, F5.0, 2I5). See
figs. % and 4.

ND: Number ol scatierexr thi

’J
O
ey
'3
m

es (rod lengths) to be consldered
in one problem (NI<50).

ﬁRz Number of circles or squares to be used to define the transversal
distribution of protons leaking through the end face (away from
the entrance face), (NR<20),

NT: Max. number of proton histories to be analysed. Genérally, the run
is terminated after a certain computing time; NT is then set to be

a large number, say, 50000.
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R: Radius of source in cm.

U: Conversion factor from intermal energy scale (determined by M) to
output energy scale. This is discussed further below (chapt. V).

IG: Constant which determines whether the scatterer is to be bounded
by a surface (parallel to the direction of the entering protons)
with circular or square cross-section. IG=0 in the circ;lar case
and IG=1 in the square case. o

The following 3 sets of vectors are read in format (7P10.0), each

vector starting on a new card. See figs. 3 and 4.

_RU: MR values of circle radii or half square sides (RUi <RU,,,) for

definition of transversal distr;;;;i;;xs; 7(71;17;5)7.\111532 7@@) “defines
the external surface.

DU: ND values of scatterer thickness (rod length) in cm.

THET: NTH values of cos for definition of angular distribution

histogram THE‘I‘-_.L < THETi+ o The last value must be equal to 1.0.

1
Due to storage restrictions the following criterion has to be

fulfilled in addition to those stated above: NDXI\IR)G‘ITHX[I‘I%l - 1] <5000.

IV. Description of output

put starta by reproducing the physical data. The succeeding
three columns, labelled EK, DS, and PRO contain 1) the M energy values
for the slowing down formalism (denoted E; in ref, 1), 2) M correspond-
ing values of (si) (see ref. 1, page 8), and 3) M values of ((Asz)i)%

(see ref. 1, page 8). Then the remainder of the input data is reproduced.

The Monte Carlo results are given separately for each scatterer
thickness (rod length), indicated by the z coordinate. All results are

given in protons per MeV and are nomalized to one source proton. This
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by its standard deviation as an indication of the probable error. The
text which is printed in the output is sufficient for orientation.
The last sect of results is the energy distribution of protons leaking

out through the lateral sides of the longest scatterer.

V. A note on energy scales

The internal energy scale is defined through the values of EO, ES, and
M, given in the input. The resulting energy points will be EO,

x* (E0), K2 *(EQ)yeeeask '1(E0) = ES. k is the quantity used in ref. 1
‘and is obtained by the relation in k—={in(ES/E0)]:(M-1). As discussed )
in ref. 1, the boundaries of the energy bins, upon which we base the
energy distribution histogram, should coincide with points in the
internal mesh. The input parameter KU determines the selection of
energy points in such a way that (M-1):KU energy bins, equally spaced
in the logarith of energy, will produce the histogram. If the

quantity (M=1):XU is not an integral mumber the program will automatically
adjust the upper limit of the lowest energy bin with the effect that
all the energy bins except the lowest one will still have a uniform

logafithmic spacing with endpoints coinciding with the internal scale.

VI. A test problem *

In Appendix I we reproduce the data sheets for a test problem, in
which the slowing down of protons in silicon from 187 MeV to 147 MeV
is studied., The data are composed in a way to provide an allustrative
problem rather than a scientifically meaningful one. The output of a
run of the test problem (6 minutes on the IRM 7090) is also shown

(appendix II).
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PROTOS
(Mmain program)
v Y
PDATA | [6DATA| [FEO(STATIANGLE)
: (see fig.2)
| ouT

Fig.l. Flow scneme showing principal program structure .
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- ND different values of DU °
Source protons ~ NR different values of RU
| NTH different values of THET
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A R / ND different values of DU
' o NR different values of RU
SR NTHdifferent values of THET

Source protons

Fig.4. Sketch of square rod geometry(IG=1)
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